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GRAPHENE COMPOSITIONS AND
METHODS OF MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a 35 U.S.C. §371 national phase appli-
cation of PCT Application No. PCT/IB2012/054076, filed
Aug. 10, 2012, entitled “GRAPHENE COMPOSITIONS
AND METHODS OF MAKING THE SAME,” which claims
priority to Indian Patent Application No. 1665/CHE/2012,
filed Apr. 27, 2012, entitled “GRAPHENE COMPOSI-
TIONS AND METHODS OF MAKING THE SAME,” each
of which is hereby incorporated by reference in its entirety.

FIELD

Methods for producing graphene compositions and sheets
are described.

BACKGROUND

Generally, graphite is a multi-layered stack of two-dimen-
sional graphene sheets formed from a planar array of carbon
atoms bonded into hexagonal structures. Single-layered or
multi-layered graphene sheets have beneficial properties in
the area of electrical conductivity. Often the graphene is
densely packed in a honeycomb crystal lattice. Graphene is
used and is expected to be used in many industrial and con-
sumer products and services. Embodies disclosed herein pro-
vide methods of making graphene, such as large area
graphene, and the like.

SUMMARY

In some embodiments, methods of preparing graphene are
provided. In some embodiments, the method comprises con-
tacting a graphitic oxide composition with a photocatalytic-
coated metal substrate to yield graphene, wherein the gra-
phitic oxide composition comprises graphitic oxide and an
organic solvent.

In some embodiments, the method comprises preparing the
graphitic oxide composition. In some embodiments, the
method of preparing the graphitic oxide composition com-
prising dissolving graphite in a concentrated acid to produce
an graphite-acid solution; contacting the graphite-acid solu-
tion with a nitrate or salt thereof to yield a graphite-acid-
nitrate solution; contacting the graphite-acid-nitrate solution
with an oxidizer to yield the graphitic oxide; purifying the
graphitic oxide; and/or dissolving the purified graphitic oxide
in the organic solvent to produce the graphitic oxide compo-
sition.

In some embodiments, the method comprises isolating the
graphene.

In some embodiments, graphene is provided that is made
according to a method described herein.

BRIEF DESCRIPTION OF FIGURES

FIG. 1 shows a non-limiting schematic for the production
of graphene according to the methods described herein.

FIG. 2 shows SEM images of (A) several layers of gra-
phitic oxide on Pd/WO; surface; (B) Single sheet of graphene
exfoliated during exfoliation; and (C) single sheet of
Graphene as separated.
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FIG. 3A shows a XRD spectrum of graphitic oxide and
graphene. The upper line is graphitic oxide, and the lower line
is graphene. FIG. 3B shows an EDAX spectrum of graphene
sheets.

DETAILED DESCRIPTION

This description is not limited to the particular processes,
compositions, or methodologies described, as these may vary.
The terminology used in the description is for the purpose of
describing the particular versions or embodiments only, and it
is not intended to limit the scope of the embodiments
described herein. Unless defined otherwise, all technical and
scientific terms used herein have the same meanings as com-
monly understood by one of ordinary skill in the art. In some
cases, terms with commonly understood meanings are
defined herein for clarity and/or for ready reference, and the
inclusion of such definitions herein should not necessarily be
construed to represent a substantial difference over what is
generally understood in the art. However, in case of conflict,
the patent specification, including definitions, will prevail.

It must also be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural reference unless the context clearly dictates
otherwise.

As used in this document, terms “comprise,” “have,” and
“include” and their conjugates, as used herein, mean “includ-
ing but not limited to.” While various compositions, methods,
and devices are described in terms of “comprising” various
components or steps (interpreted as meaning “including, but
not limited t0”), the compositions, methods, and devices can
also “consist essentially of” or “consist of”” the various com-
ponents and steps, and such terminology should be inter-
preted as defining essentially closed-member groups.

Embodiments provide methods of preparing graphene. In
some embodiments, the method comprises reacting or con-
tacting a graphitic oxide composition with a photocatalytic-
coated metal substrate to yield graphene. The photocatalytic-
coated metal substrate can be any metal that is able to conduct
electricity or electrons. Examples of the metal substrate
include, but are not limited to, copper, aluminum, gold, silver,
iron, zinc and the like, or a combination thereof. In some
embodiments, the metal substrate comprises a silicon wafer
or a zinc plate. The metal substrate is not limited to pure
metal, but can be an alloy or mixture of metals, such as a
mixture of the metals described herein. In some embodi-
ments, the graphitic compositions comprise graphitic oxide
and an organic solvent. In some embodiments, the organic
solvent is a volatile organic solvent. Examples of organic
solvents include, but are not limited to toluene, ethyl acetate,
glycol ethers, acetone, and the like. The solvents can also be
used in any combination. The size of the substrate can also be
any size suitable for the production of graphene. The size of
the substrate can be any size. The size of the substrate, how-
ever, is usually determined by the size of the light source. The
light source should be uniform. Therefore, the size of the
substrate can be from 1 cm® to many square meters. For
example, ifa 4 square meter uniform light source is used it can
be used to produce a 4 square meter graphene sheet. Thus, the
limits on the size of the sheet will correlate with the size of the
light source. The light source need not be the same size of as
the graphitic oxide, but the size of the light source will pro-
duce the same size of graphene sheet. That is, if the light
source produces light that is less than the surface area of the
graphitic oxide, the size of the graphene sheet will also be
less. Accordingly, in some embodiments, the size of the light
source is the same as the area of the graphitic oxide. The
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substrate or the sheet is also not limited based upon its geo-
metric shape. The substrate can be a disc, circle, oval, tri-
angle, or any other shape. The substrate need not be square or
rectangular.

In some embodiments, the graphitic oxide composition is
coated on the photocatalytic coated metal substrate. The gra-
phitic oxide composition can be coated on to the photocata-
Iytic coated metal substrate by any method. The method can,
for example, provide a layer having uniform thickness or
substantially uniform thickness of the graphitic oxide com-
position. In some embodiments, the photocatalytic coated
metal substrate is coated with the graphitic oxide composition
by spin coating the photocatalytic coated metal substrate with
the graphitic oxide composition. Other methods can also be
used to coat the substrate. In some embodiments, the sub-
strate is coated by dip coating, spray coating, or sol-gel. The
method of coating is not essential and can also include, but is
not limited to, sputtering or chemical vapor deposition (CVD)
processes.

Embodiments provided herein describe a photocatalytic
coated metal substrate. Examples of a photocatalytic that can
be coated onto a metal substrate include, but are not limited
to, PA/WO,;, ZnO, Ru, TiO,, Pt, or any combination thereof.
In some embodiments, the photocatalytics can be doped.

In some embodiments, the method of preparing graphene
comprises heating the graphitic oxide composition and the
photocatalytic-coated metal substrate to a temperature of
about 50° C. In some embodiments, the temperature is about
45°C.toabout 85° C., about 45° C. to about 80° C., about 45°
C. to about 75° C., about 45° C. to about 70° C., about 45° C.
to about 65° C., about 45° C. to about 60° C., about 45° C. to
about 55° C., or about 45° C. to about 50° C. Specific
examples of temperatures include about 40° C., about 50° C.,
about 60° C., about 70° C., about 80° C., and ranges between
any two of these values. In some embodiments, the graphitic
oxide composition and the photocatalytic-coated metal sub-
strate is heated to a specified temperature, such as but not
limited to the temperatures described herein, at a rate of about
1,2,3,4,5,6,7,8,9, or 10° C. per minute. In some embodi-
ments, the graphitic oxide composition and the photocata-
Iytic-coated metal substrate is maintained at the specified
temperature for about 1 to about 20, about 1 to about 15, about
1 to about 10, about 5 to about 20, about 5 to about 15, about
5 to about 10, about 10 to about 20, or about 10 to about 15
minutes. Specific examples of the time duration include about
5 minutes, about 10 minutes, about 15 minutes, about 20
minutes, and ranges between any two of these values.

In some embodiments, the reacting or contacting the gra-
phitic oxide composition with the photocatalytic coated metal
substrate by exposing the graphitic oxide composition and the
photocatalytic-coated metal substrate to light to yield the
graphene. The graphitic oxide composition can be reacted
until all layers of graphene can be prepared or extracted from
the graphite stack. In some embodiments, the graphitic oxide
composition is reacted with the photocatalytic-coated metal
substrate by contacting the graphitic oxide and the photocata-
Iytic-coated metal substrate with oxygen (O,). In some
embodiments, the reacting or contacting is done in the pres-
ence of an inert gas. In some embodiments, the reacting or
contacting is done at a temperature less than about 60° C. In
some embodiments, the reacting or contacting is done at a
temperature of about 45° C. to about 85° C., about 45° C. to
about 80° C., about 45° C. to about 75° C., about 45° C. to
about 70° C., about 45° C. to about 65° C., about 45° C. to
about 60° C., about 45° C. to about 55° C., about 45° C. to
about 50° C., about 50° C. to about 85° C., about 50° C. to
about 80° C., about 50° C. to about 75° C., about 50° C. to
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to about 65° C., about 50° C.
to about 55° C., about 55° C.
to about 80° C., about 55° C.
to about 70° C., about 55° C.
about 65° C., about 55° C. to about 60° C., about 60° C. to
about 85° C., about 60° C. to about 80° C., about 60° C. to
about 75° C., about 60° C. to about 70° C., or about 60° C. to
about 65° C. Specific examples of temperatures include about
40° C., about 50° C., about 60° C., about 70° C., about 80° C.,
and ranges between any two of these values.

In some embodiments, the methods disclosed herein com-
prise isolating the graphene. For example, the graphene can
be produced by allowing toluene and oxygen to react to create
water and carbon dioxide, which causes the graphitic oxide to
exfoliate to graphene when done in the presence of oxygen
and optical radiation (e.g. exposure to a light source). Thus in
some embodiments, graphitic oxide (GO) is dipped (e.g.
mixed) with toluene. Without wishing to be bound to any
theory, the toluene seeps or fills in the spaces between the
graphitic oxide layers. Then in the presence of light and the
catalyst (e.g. Pd/WO,), toluene becomes oxidized and oxy-
gen gas is liberated from the GO. This process results in the
formation of oxygen gas, CO, gas, H,O, and graphene flakes.
The water can prevent the restacking of the graphene flakes.
The flakes can then aggregate with one to another to form a
sheet of graphene. The graphene is then isolated through
exfoliation.

In some embodiments, the graphene that is prepared is a
sheet of graphene. The size of the graphene can correlate with
the size of the substrate and the size of light source. The larger
the light source the larger the graphene sheet can be.

In some embodiments, the graphene has a high electrical
conductivity. In some embodiments, the electrical conductiv-
ity is about 1.3x10° S/m. In some embodiments, the electrical
conductivity is at least or greater than 1.3x10* S/m. In some
embodiments, the electrical conductivity can be increased by
using higher purity chemicals.

In some embodiments, the method comprises preparing the
graphitic oxide composition. In some embodiments, the
method of preparing the graphitic oxide composition com-
prises dissolving graphite in a concentrated acid to produce a
graphite-acid solution. Suitable acids include, but are not
limited to, sulfuric acid nitric oxide, or any combination
thereof. In some embodiments, the acid has a pH of less than
or equal to about 4.0, about 3.0, about 2.0, or about 1.0. In
other embodiments, the acid has a pH of about 4.0, about 3.0,
about 2.0, about 1.0, or ranges between any two of these
values.

In some embodiments, preparing the graphitic oxide com-
position comprises contacting the graphite-acid solution with
a nitrate, a salt, or a combination thereof to yield a graphite-
acid-nitrate (or salt) solution. An example of a nitrate
includes, but is not limited to, sodium nitrate, potassium
nitrate, ammonium nitrate, or any combination thereof.
Examples of a salt includes, but is not limited to KCl,
KMnO,, KI, MgBr,, NaBH,, 1,0, and the like.

In some embodiments, the graphite-acid solution is con-
tacted with a nitrate or salt thereof in an ice bath to yield the
graphite-acid-nitrate solution. In some embodiments, the
graphite-acid solution is contacted with a nitrate or salt
thereof at a temperature less than or equal to about 20, 15, 10,
5,4,3,2, 1, or 0 degrees Celsius, or ranges between any two
of these values.

In some embodiments, the method of preparing the gra-
phitic oxide composition comprises reacting or contacting the
graphite-acid-nitrate (or salt) solution with an oxidizer to
yield the graphitic oxide. The oxidizer can be any oxidizer

about 70° C., about 50° C.
about 60° C., about 50° C.
about 85° C., about 55° C.
about 75° C., about 55° C.

to
to
to
to



US 9,422,165 B2

5

suitable to yield the graphitic oxide. In some embodiments,
the oxidizer is hydrogen peroxide, hydrazine, persulfuric
acid, perchlorate, hypochlorite or any combination thereof.

In some embodiments, the method of preparing the gra-
phitic oxide composition comprises purifying the graphitic
oxide. In some embodiments, the method further comprises
dissolving the purified graphitic oxide in an organic solvent to
produce the graphitic oxide composition. The graphitic oxide
can be purified by any method, including but not limited to,
filtering, centrifugation, and the like. Purification methods
can also be combined to purify the graphitic oxide.

The embodiments described herein provide surprising and
unexpected advantages over other methods of preparing
graphene. For example, in some embodiments, the process
can be automated. The automation allows the presently
described methods to be scaled for industrial and other appli-
cations. The present methods also do not require the use of
special alloys. Accordingly, in some embodiments, the
method does not use a metal composition that is an alloy. The
methods also do not require a transfer process to obtain the
free standing graphene sheet. Accordingly, in some embodi-
ments, the method does not comprise a transfer process.
Another surprising and unexpected advantage is that the
methods can be run at a lower temperature, such as those
described herein. Other surprising and unexpected advan-
tages include, but are not limited to, that the catalytic surface
can be reused, which enables the methods to be performed
more efficiently and at a lower cost. Additionally, the method
does not require toxic chemicals or a chemical treatment such
as FeCl; or similar acid type compound. Accordingly, in some
embodiments, the method does not comprise chemically
treating the compositions to produce graphene. In some
embodiments, the method does not comprise treating the
graphitic oxide with FeCl,.

FIG. 1 shows a non-limiting schematic of how the
graphene can be prepared. FIG. 1 shows an aluminum plate
that is coated with the photocatalytic substrate by the sol-gel
method. The photocatalytic plate is then coated with graphitic
oxide composition which is then heated according to the
methods described herein and exposed to visible light to yield
graphene. This schematic can be used as a non-limiting
example of how a system can be set up to yield large amounts
of graphene. Therefore in some embodiments, a system is
provided that comprises an apparatus for depositing the pho-
tocatalytic substrate onto a metal substrate; an apparatus for
depositing the graphitic oxide composition onto the photo-
catalytic coated metal substrate. The system can also com-
prise a heater to heat the graphitic oxide composition coated
sheet and a window or other opening that can be used to
expose the sheet to visible light to produce the graphene or
graphene sheets.

EXAMPLES
Example 1
Preparation of Graphitic Oxide

5 grams of graphite (200 mesh) was dissolved in sulfuric
acid (pH approximately 1.5, 50 mL). 23 grams of NaNOj; is
added to the solution. The solution was stirred in an ice bath
for 15 minutes. 5 ml of hydrogen peroxide was added and
stirred in the ice bath for 1 hour. Approximately 1.4 liters of
deionized water was added and the residue was collected by
filtration. The residue is graphitic oxide.
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Example 2

Coating of Graphitic Oxide on Photocatalytic Metal
Substrate

5 mg of graphitic oxide obtained as described in Example
1 was dissolved in toluene (15 ml.) and coated onto the
Pd/WO, coated aluminum substrate (2 cmx2 cm) at a tem-
perature of 10 degrees Celsius.

Example 3
Graphene Preparation

The graphitic oxide coated photocatalytic metal substrate
that was prepared according to Example 2 was placed in a
chamber containing argon (1 atm pressure) and oxygen (0.9
atm pressure). The chamber temperature was increased to 50
degrees Celsius slowly at a rate of about 5 degrees Celsius per
minute. The composition was maintained at the temperature
for about 10-15 minutes and then exposed to visible light. For
Pd/WO3 the lights had a band gap 3.5 eV for 400 nm of 80 mJ
energy. The electrical conductivity of the resulting material
was measured and found to exhibit high electrical conductiv-
ity (1.3x10° S/m). This is believed to reflect the retrieval of the
lost conjugated sp electrons. Without being bound to any
theory, the high electrical conductivity can be explained by
the fact that there is no residual oxygen in the final product
because most of the oxygen is used for oxidation of toluene.
Purity can be improved by using high purity metals and
ensuring uniform coating of the photocatalytic metal sub-
strate. FIGS. 2A, 2B, and 2C show the graphitic oxide has
number of graphene sheets and oxygen molecules are present
interlayer’s of the sheets, which can be extfoliated by catalytic
as well as evaporation of volatile solvents. During the exfo-
liation each sheets can be making bonds at the edge of the
each sheets by coordination of the carbon molecules and
expanded the sheet lengths. FIGS. 3A and 3B show the XRD
and EDAX spectrum of the graphene. An elemental analysis
showed that the composition of graphene has only carbon no
other materials were present (Si and Al were detected, but
these were from the substrate holder peak).

Example 4
Preparation of Photocatalytic Metal Substrate.

An aluminum (2 cm?) plate was cleaned using sonication
and subsequently passivated with nitrogen gas. A thin film (1
micron) of Pd/WO; was deposited on the plate using sol-gel
or sputtering method. 2 grams of Pd/WO; was deposited by
sol-gel method by mixing with 150 ml of ethanol. The solu-
tion was coated on the aluminum surface and heated to 100
degrees Celsius to obtain the photocatalytic metal substrate.

As will be understood by one skilled in the art, for any and
all purposes, such as in terms of providing a written descrip-
tion, all ranges disclosed herein also encompass any and all
possible subranges and combinations of subranges thereof.
Any listed range can be easily recognized as sufficiently
describing and enabling the same range being broken down
into at least equal halves, thirds, quarters, fifths, tenths, etc. As
a non-limiting example, each range discussed herein can be
readily broken down into a lower third, middle third and
upper third, etc. As will also be understood by one skilled in
the art all language such as “up to,” “at least,” and the like
include the number recited and refer to ranges which can be
subsequently broken down into subranges as discussed
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above. Finally, as will be understood by one skilled in the art,
arange includes each individual member. Thus, for example,
a group having 1-3 members refers to groups having 1, 2, or
3 members. Similarly, a group having 1-5 members refers to
groups having 1, 2, 3, 4, or 5 members, and so forth.

From the foregoing, it will be appreciated that various
embodiments of the present disclosure have been described
herein for purposes of illustration, and that various modifica-
tions may be made without departing from the scope and
spirit of the present disclosure. Accordingly, the various
embodiments disclosed herein are not intended to be limiting.

What is claimed is:

1. A method of preparing graphene, the method compris-
ing:

contacting a graphitic oxide composition with a photocata-

lytic-coated metal substrate or a photocatalytic-coated
silicon wafer to yield graphene, wherein the graphitic
oxide composition comprises graphitic oxide and an
organic solvent.

2. The method of claim 1, the method further comprising
preparing the graphitic oxide composition, the method of
preparing the graphitic oxide composition comprising:

dissolving graphite in a concentrated acid to produce an

graphite-acid solution;

contacting the graphite-acid solution with a nitrate or salt

thereof to yield a graphite-acid-nitrate solution;
contacting the graphite-acid-nitrate solution with an oxi-
dizer to yield the graphitic oxide;

puritying the graphitic oxide; and

dissolving the purified graphitic oxide in the organic sol-

vent to produce the graphitic oxide composition.

3. The method of claim 2, wherein the oxidizer is hydrogen
peroxide, hydrazine, persulfuric acid, perchlorate, hypochlo-
rite, or any combination thereof.

4. The method of claim 2, wherein the nitrate is potassium
nitrate, ammonium nitrate, sodium nitrate, or any combina-
tion thereof.

5. The method of claim 2, wherein the acid is sulfuric acid,
nitric oxide, or any combination thereof.

6. The method of claim 2, wherein the graphite is dissolved
in a concentrated acid at a pH of less than or equal to 2.0.

7. The method of claim 2, wherein the graphite-acid solu-
tion is contacted with a nitrate or salt thereof'in an ice bath to
yield the graphite-acid-nitrate solution.

8. The method of claim 2, wherein the graphitic oxide is
purified by filtering the graphitic oxide to yield purified gra-
phitic oxide.

9. The method of claim 1, wherein the organic solvent is
toluene, ethyl acetate, glycol ether, acetone, or any combina-
tion thereof.
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10. The method of claim 1, wherein the graphitic oxide
composition is coated on the photocatalytic coated metal
substrate or the photocatalytic-coated silicon wafer.

11. The method of claim 10, wherein the photocatalytic
coated metal substrate or the photocatalytic-coated silicon
wafer is coated with the graphitic oxide composition by spin
coating the photocatalytic coated metal substrate or the pho-
tocatalytic-coated silicon wafer with the graphitic oxide com-
position.

12. The method of claim 1, wherein the photocatalytic is
Pd/WO,, ZnO, Ru, TiO,, Pt, or any combination thereof.

13. The method of claim 1, wherein the metal substrate is
analuminum substrate, copper substrate, silver substrate, iron
substrate, zinc substrate, or any combination thereof.

14. The method of claim 1, further comprising heating the
graphitic oxide composition and the photocatalytic-coated
metal substrate or the photocatalytic-coated silicon wafer to a
temperature of about 45° C. to 85° C.

15. The method of claim 14, wherein the graphitic oxide
composition and the photocatalytic-coated metal substrate or
the photocatalvtic-coated silicon wafer is heated to the tem-
perature of about 45° C. to 85° C. at a rate of about 5° C. per
minute.

16. The method of claim 14, wherein the graphitic oxide
composition and the photocatalytic-coated metal substrate or
the photocatalvtic-coated silicon wafer is maintained at a
temperature of about 45° C. to 85° C. for about 5 to about 20
minutes.

17. The method of claim 1, wherein the graphitic oxide
composition is reacted with a photocatalytic coated metal
substrate or the photocatalvtic-coated silicon wafer by expos-
ing the graphitic oxide composition and the photocatalytic-
coated metal substrate or the photocatalytic-coated silicon
wafer to light to yield the graphene.

18. The method of claim 17, wherein the graphitic oxide
composition is reacted with the photocatalytic-coated metal
substrate or the photocatalvtic-coated silicon wafer by con-
tacting the graphitic oxide and the photocatalytic-coated
metal substrate or the photocatalytic-coated silicon wafer
with oxygen (O,) in the presence of an inert gas at a tempera-
ture of about 45° C. to 85° C.

19. The method of claim 1, further comprising isolating the
graphene.

20. The method of claim 1, wherein the graphene is a sheet
of graphene.

21. The method of claim 1, wherein the graphene has high
electrical conductivity.

22. The method of claim 1, wherein the graphitic oxide
composition is graphic oxide dissolved in the organic solvent.
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